Neutropenic fever (NF) is a life-threatening complication of myelosuppressive chemotherapy in patients with hematologic malignancies and triggers the administration of broadspectrum antimicrobials. The ability to accurately predict NF would permit initiation of antimicrobials earlier in the course of infection with the goal of decreasing morbid complications and progression to septic shock and death.
Introduction
Patients undergoing induction chemotherapy for acute leukemias are at a particularly high risk of developing neutropenic fever (NF) due to the prolonged duration of severe neutropenia. In the majority of these cases, the rapid administration of broad spectrum antimicrobials decreases the risk of progression to septic shock and death. Despite advances in antimicrobial therapy and supportive care measures, infection-related complications frequently prolong the duration of hospitalization and continue to be the main causes of early mortality in patients undergoing chemotherapy for acute leukemias. 1, 2 Strategies to further decrease these complications are needed to improve patient outcomes.
The initiation of broad-spectrum antimicrobials for NF generally occurs at the time of fever. Although most patients stabilize after starting treatment, a subgroup of patients deteriorates rapidly into septic shock despite prompt initiation of antimicrobials. A strategy to improve outcomes is the use of antibiotic prophylaxis which has been shown to reduce infection-related mortality, especially with the use of fluoroquinolones. 3 However, antibiotic resistance, fungal overgrowth, and antibioticrelated adverse effects (e.g. Clostridium difficile colitis and allergic responses) have limited the routine use of antibiotic prophylaxis. An alternative strategy is to initiate antimicrobial therapy just prior to the onset of fever. This strategy may reduce the incidence of infectionrelated complications by treating at an earlier time point when the pathogen burden is lower and the patient's condition is relatively more stable. To successfully implement this strategy, a practical method for the prediction of NF is required but no such method currently exists.
Pro-inflammatory cytokines such as interleukin (IL)-6, IL-1 family members, and tumor necrosis factor-alpha (TNF-) substantially increase in response to systemic infections. When they reach the central nervous system, they are able to increase the temperature set point and cause fever through induction of central mediators such as prostaglandins. 4 Given that a threshold concentration of these cytokines is required before a fever response is initiated, we hypothesize that increases in their blood concentration should precede the onset of NF. Previous studies have focused mainly on the use of biomarkers measured at the time of NF for the prediction of adverse outcomes such as bacteremia or septic shock. 5 In contrast, only a small number of studies have investigated the utility of biomarkers for the prediction of NF. [6] [7] [8] [9] [10] [11] [12] [13] A few of these studies reported an increase in IL-6 and IL-8 levels before the onset of fever. 6, [11] [12] [13] A common limitation with all these studies is the low frequency of measurement, ranging from three times per week to at most once daily. This limitation may obscure the predictive potential of a biomarker if the change occurs temporally close to the onset of fever.
We conducted a pilot study (ClinicalTrials. gov identifier NCT01144793) to assess the feasibility of frequent serial monitoring of blood biomarkers for the prediction of NF in hospitalized patients undergoing intensive chemotherapy for hematologic malignancies. We selected a panel of biomarkers that have previously been shown to be elevated in response to an infection and are thus most likely to rise prior to the onset of fever. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] We also included protein C which in contrast to the other biomarkers, has been shown to be decreased in the setting of sepsis and therefore its level may drop prior to fever onset. 24 The study had two aims: i) to identify potential predictive biomarkers that are worthy of further study in a larger cohort to predict NF, and ii) to assess the feasibility of frequent monitoring of blood biomarkers for future implementation of a bedside device.
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Materials and Methods

Patients
Disease-specific eligibility criteria included adult patients ( 18 years) with acute myeloid or lymphoid leukemia who were evaluated in the Stanford outpatient infusion treatment area (ITA) or inpatient hematology service. Patients undergoing induction or consolidation chemotherapy from April to June in 2008 were enrolled in the study. In our study, we defined neutropenia as an absolute neutrophil count (ANC) <0.5×10 9 /L and fever as a single body temperature greater than 38°C. This definition was chosen because it would trigger the initiation of broad-spectrum antibiotics on our inpatient service. Enrolled patients were required to have an indwelling catheter in place before sampling could begin. Vitals signs were measured at least once every 8 hours and more frequently depending on the patients' clinical status. This study received approval from the Stanford Institutional Review Board (IRB) and the Stanford Cancer Institute Scientific Review Committee (SRC). A full written informed consent was obtained from all patients.
Blood sampling and biomarker measurements
Whole blood collection from the patient's central venous access line was initiated promptly following informed consent. One milliliter of blood was collected into an EDTA tube for each time point. The protocol specified collection of samples every 8 hours before the onset of fever and within 2 hours after fever developed. Sample collection changed to every 6 hours while patients were febrile, and reverted to every 8 hours after patients defervesced and the ANC rose above 1.0×10 9 /L. Blood was refrigerated at 4°C immediately upon collection and transported to an off-site central facility for further processing. The bulk of the sample was centrifuged and the plasma fraction was aliquoted into 250 L barcoded vials. The plasma samples were then flash frozen in liquid nitrogen and stored at −80°C for subsequent measurement of the biomarkers using Searchlight Protein Arrays (Pierce Biotechnology, Woburn, MA, USA). The following nine biomarkers were measured: C-reactive protein (CRP), protein C, IL-6, IL-8, IL-10, IL-1 , TNF-, monocyte chemotactic protein-1 (MCP-1), and intercellular adhesion molecule-1 (ICAM-1). A small volume of whole blood was used for comparative analysis by a micro sample test (Theranos, Palo Alto, CA, USA). During this development and validation phase, analysis of samples using the micro sample test was performed at an off-site facility.
The micro sample processing and analytical system developed by Theranos consists of single-use consumables that require only a small volume of blood sample (25 L) for analysis and instrumentation and software enabling serial multiplexed enzyme-linked immunosorbent assays of a wide spectrum of biomarkers. The sample preparation and assays are fully automated and analysis takes less than 1 hour to complete. In this study, CRP and protein C levels were measured using this system.
Statistical analysis
The level of significance in the difference between fold-changes for each biomarker was determined using the Wilcoxon signed rank test. This test compares the difference between matched pairs (distal vs proximal value of an individual patient) and does not assume the fold-change values to be normally distributed. A P-value less than 0.05 was considered statistically significant. The Pearson's correlation coefficient was used to determine strength of correlation between CRP levels measured using the Searchlight assay and the Theranos micro sample test. The GraphPad Prism software (version 6, GraphPad Software, La Jolla, CA, USA) was used for all calculations.
Results and Discussion
A total of seventeen patients were enrolled in this pilot study. The median age of the patients enrolled was 49 years (range: 22-70 years). Twelve patients (70%) were male. The underlying diagnoses were acute myeloid leukemia (n=12), acute B-or T-lymphoblastic leukemia (n=3), and chronic myeloid leukaemia in either lymphoid or myeloid blast crisis (n=2). Two of the patients were monitored in the outpatient ITA for either all or part of the pre-fever portion of sampling. A total of 1302 samples were drawn over the study period representing 96.5% of the planned draws.
In order to determine the relative change in the level of a biomarker prior to the onset of fever, a baseline measurement from which all comparisons are made is required. The sample collected 5 to 7 days prior to the onset of first fever was used as the baseline in our study. The baseline measurement was not available in 5 patients and they were excluded for further analysis. One patient did not have a sample collected within 8 hours prior to onset of first fever and was also excluded. Logistical issues with blood sampling included the need for venous catheter line removal due to suspected line infections (n=2) and patient refusal of blood draws (n=1). For patients who were febrile at the time of enrollment, they were included if the fever resolved within 48 hours of enrollment and was followed by at least a 10-day afebrile interval before onset of the next fever. For this subgroup of patients, the second fever was used as the reference point for analysis. Four of the 17 patients did not meet this requirement and were excluded. An additional patient was excluded because he was not neutropenic at the time of fever. As a result, six of the seventeen patients (35%) were considered fully evaluable.
Of the six patients included for further analysis, five of them had acute myeloid leukemia and the remaining patient had B-cell acute lymphoblastic leukemia ( For each patient, day 0 corresponds to the day of enrollment in this study. 3+7 refers to a standard AML induction regimen consisting of 3 days of anthracycline and 7 days of continuous infusion cytarabine (100 mg/m2/day). 3+4 is a similar regimen except cytarabine is given at high doses (3 gm/m2) twice daily for 4 days.
patients received induction chemotherapy regimens except for patient #9 who received consolidation therapy for AML. The median duration between the start of chemotherapy and subsequent fever was 8.7 days (range: 6.8-12.7 days). The median interval between blood draws in the pre-febrile period was 9 hours (range: 2-45 hours) and dropped to 7 hours (range: 2-24 hours) in the 72-hour period following the onset of fever. A source or site of infection was identified in three of the six patients (Table 1) . Notably, patient #4 developed septic shock requiring care in the intensive care unit as a result of a Klebsiella pneumoniae infection.
To identify candidate biomarkers with the potential to predict NF, we determined the foldchanges at two time points for each biomarker and patient. The first one, henceforth referred to as proximal, was the ratio of the measurement drawn just prior to the onset of fever to the baseline measurement collected 5 to 7 days prior to fever onset. The second one, henceforth referred to as distal, was the ratio of the measurement taken between 2.5 to 3.5 days prior to onset of fever to the day 5-7 baseline measurement. Since the concentration of a predictive biomarker should progressively increase over time prior to the onset of fever, the proximal fold-change should correspondingly be higher than the distal fold-change. Non-predictive biomarkers should not demonstrate a difference between the two values. Of the nine biomarkers measured, only IL-6 and CRP had a statistically significant (P<0.05) difference between the proximal and distal fold-changes (Figure 1) . The mean proximal fold-changes for IL-6 and CRP were 24.7 (range: 6.5-91) and 38.2 (range: 0.179-135) and mean distal fold-changes were 1.6 (range: 1.03-1.99) and 0.78 (range: 0.19-2.06), respectively. All patients had a higher proximal than distal fold-change for IL-6. In contrast, 4 of the 6 patients showed the same trend for CRP.
We next determined the time at which IL-6 and CRP predicted the onset of fever. For each biomarker, the mean of the distal fold-changes plus two standard deviations was used as the cut-off value above which fever was predicted to occur. This method of determining the cut-
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[page 29] off assumes that the distal fold-changes reflected mainly physiologic variations in the concentration of the biomarker and were not a direct response to the inciting infection that eventually caused the fever. Using this approach, IL-6 levels crossed the cut-off value for all patients at a median of 1.3 (range: 0.4-2.3) days prior to the onset of fever. For CRP, the cut-off was crossed in 4 of the 6 patients at a median of 1.7 (range: 1.2-2.3) days before fever onset. A closer inspection of the fever curves of 4 of the study patients in conjunction with their IL-6 and CRP levels over time clearly demonstrates an upward trend of these biomarkers prior to the onset of fever (Figure 2 ). Taken together, our analysis provides evidence that IL-6 and CRP may be useful in predicting the onset of NF with a lead time of 1 to 2 days.
To demonstrate the feasibility of serial biomarker monitoring with the micro sample test system, we measured the level of CRP and protein C in parallel using the same patient samples. Because CRP proved to be a potentially useful predictive biomarker, we focused our analysis on this biomarker. CRP levels of the six fully evaluable patients measured using the micro sample test correlated highly with values obtained using the commercially available Searchlight Protein Arrays (Figure 3) . The Pearson's correlation coefficient (r) between the Theranos and Searchlight measurements was 0.85. Measurements using the micro sample test also demonstrated a rise in CRP levels prior to the onset of fever (Figure 2) . A larger study is required to determine if the micro sample test system can be used interchangeably with standard laboratory assays which would support its use to predict NF in the hospital setting.
Although several cytokines including IL-6, IL-1 family members, and TNF-have been implicated in mediating the fever response, 4 IL-6 was the only pro-inflammatory cytokine in our array screen that demonstrated promise in the prediction of NF. This finding suggests that IL-6 is a predominant cytokine mediating the febrile response in neutropenic patients. CRP, which is an acute phase reactant induced by IL-6, 25 was correspondingly also predictive of NF in our study population. These results are in agreement with prior studies that examined changes in IL-6 and CRP levels. Engel et al. reported a significant increase in IL-6 levels 24 to 48 hours prior to onset of fever. 6 They reported a shorter lead time for CRP of less than 24 hours. Two other studies reported a similar upward trend 24 to 48 hours before onset of fever with IL-6. 11, 13 As mentioned previously, the frequency of measurement in these prior studies was only three times a week which may be insufficient for the prediction of NF on an individual basis. An advantage of our study is the relatively high frequency of measurements which increases the temporal resolution of biomarker trends and demonstrates the predictive power of IL-6 and CRP in individual patients. However, there were some challenges to the collection of blood samples at this high frequency including missed draws from nursing staff, the need for central line removal for suspected line infection, and infrequent patient refusal of blood draws. Improved communication with the nursing staff and patients as well as a more streamlined sample collection protocol should help overcome the challenges identified in this pilot study.
The ability to reliably predict the onset of NF may permit early implementation of broadspectrum antibiotics in order to reduce the likelihood of infection-related morbidity and mortality. Although the number of fully evaluable patients in this pilot, hypothesis-forming study was small, our results point to further exploration of the biomarkers IL-6 and CRP for prediction of NF. Future prospective studies with a larger cohort of patients using the micro sample test system for real-time measurements of these and additional biomarkers are needed to validate our results and determine the sensitivity and specificity of this approach. 
